Dual targeting is an important and abundant phenomenon. Indeed, we estimate that more than a third of the yeast mitochondrial proteome is dual localized. The enzyme fumarase is a highly conserved protein in all organisms with respect to its sequence, structure, and enzymatic activity. In eukaryotes, it is dual localized to the cytosol and mitochondria. In Saccharomyces cerevisiae, the dual localization of fumarase is achieved by the reverse translocation mechanism; all fumarase molecules harbor a mitochondrial targeting sequence (MTS), are targeted to mitochondria, begin their translocation, and are processed by mitochondrial processing peptidase in the matrix. A subset of these processed fumarase molecules in transit is then fully imported into the matrix, whereas the majority moves back into the cytosol by reverse translocation. The proposed driving force for fumarase distribution is protein folding during import. Here, we asked how reverse translocation could have evolved on a prokaryotic protein that had already acquired expression from the nuclear genome and a targeting sequence. To address this question, we used, as a model, the Escherichia coli FumC Class II fumarase, which is homologous to eukaryotic fumarases ($58% identity and $74% similarity to the yeast Fum1).
Introduction
Mitochondria are derived from a bacterial endosymbiont that evolved in the cytoplasm into an organelle of the eukaryotic cell (Gray 1992; Lang et al. 1999; Gray et al. 2004) . The evolution of mitochondria involved transfer of genes from the ancestral endosymbiont to the host cell nucleus (Fox 1983; Andersson and Kurland 1999; Lang et al. 1999; Kurland and Andersson 2000) . This required an evolution allowing transcription of these new "mitochondrial genes" in the nucleus, their translation on cytosolic ribosomes, and their targeting and translocation into the mitochondrion. Accordingly, a sophisticated mitochondrial protein import pathway emerged and is a conserved feature of all eukaryotes (Dolezal et al. 2006; Lister and Whelan 2006; Burri and Keeling 2007; Neupert and Herrmann 2007; Chacinska et al. 2009; Kutik et al. 2009; Alcock et al. 2010 ). This protein import machinery enables mitochondrial proteins to be recognized for translocation into mitochondria and then sorted to one of the four submitochondrial compartments (outer and inner membranes, intermembrane space, and matrix) (Rehling et al. 2003; Koehler 2004; Neupert and Herrmann 2007; Chacinska et al. 2009 ).
Although most of the genes, lost from the endosymbiont genome, were compensated by their functional transfer to the nucleus, some of these genes were recruited to function outside the newly formed organelle. This we presume also gave rise to the phenomenon of dual targeting, in which a protein's molecules are localized in two compartments (e.g., mitochondria and a second subcellular compartment). In this regard, the phenomenon of dual targeting has emerged as a highly abundant phenomenon, and we estimate that more than a third of the yeast mitochondrial proteome is dual localized (Dinur-Mills et al. 2008; Ben-Menachem, Tal, et al. 2011) . The mechanisms of dual targeting can be based on the expression of two translation products that differ by the presence or absence of a targeting signal (reviewed in Danpure 1995; Small et al. 1998) . Nonetheless, other dual targeting mechanisms have been described in which single translation products that harbor two targeting signals, an ambiguous signal, a partially accessible signal, or an inefficiently translocated polypeptide, can target a protein to two organelles (reviewed in Small et al. 1998; Karniely and Pines 2005; Yogev and Pines 2011) . Actually, the first example of a dual targeting mechanism of a single translation was that of reverse translocation (described later). We have recently coined these differently localized proteins "echoforms" indicating repetitious forms of the same protein (echo in Greek denotes repetition) distinctly placed in the cell (Yogev and Pines 2011) . This term replaces the term of "isoproteins" or "isoenzymes," which are reserved for proteins with the same activity but different amino acid sequences. Dual-targeted proteins may have different activities and function in each location. Moreover, we now understand that dual targeting increases cell complexity and flexibility without increasing genomic content (Yogev and Pines 2011) . Thus, interpreting the possible evolutionary processes leading to the mechanisms of dual targeting is essential for understanding eukaryotic biology.
The enzyme fumarase (fumarate hydratase in higher eukaryotes) is a conserved protein in all organisms with respect to its sequence, structure, and enzymatic activity. In addition, in all eukaryotes, fumarase is dual targeted to the cytosol and mitochondria (Akiba 1984) . In mitochondria, fumarase participates in the tricarboxylic acid cycle, which is essential for cellular respiration. On the other hand, it was shown that the cytosolic fumarase participates in the cellular response to DNA damage (Yogev et al. 2010) .
Although fumarase is distributed between the cytosol and mitochondria in all eukaryotes, not much is known about its distribution mechanism in most organisms. The most studied model for fumarase dual localization is by the reverse translocation mechanism in the yeast Saccharomyces cerevisiae (Stein et al. 1994; Knox et al. 1998; Sass et al. 2001 Sass et al. , 2003 Karniely, Regev-Rudzki, et al. 2006; Yogev et al. 2007 ). According to the reverse translocation mechanism, all fumarase molecules are first targeted to mitochondria, begin their translocation, and are processed by mitochondrial processing peptidase (MPP) in the matrix. Nevertheless, only a subset ($40%) of the processed fumarase molecules is then fully imported into the matrix, whereas the majority ($60%) is released back into the cytosol. The driving force for this distribution is protein folding; if during import the nascent chain starts to fold in the mitochondrial matrix, it will complete its import and be localized in mitochondria. On the other hand, if the nascent chain starts folding in the cytosol, thereby blocking its forward movement, the protein will withdraw from the import machinery and will be localized in the cytosol (Stein et al. 1994; Knox et al. 1998; Sass et al. 2001 Sass et al. , 2003 . Additional examples of proteins that are dual localized by a reverse translocation mechanism are yeast aconitase and Nfs1 (Naamati et al. 2009; Regev-Rudzki et al. 2009; Ben-Menachem, Regev-Rudzki, et al. 2011) .
In prokaryotes, Class II fumarases are homologous to eukaryotic fumarases. Specifically, Escherichia coli FumC shares significant homology of amino acid sequence with S. cerevisiae fumarase, 58% identity and 74% similarity. The fact that eukaryotes encode conserved fumarases raises an important evolutionary question: How did dual targeting of fumarase evolve in eukaryotes? In the case of yeast fumarase, we can delimit this question to how reverse translocation evolved on a prokaryotic protein that had already acquired nuclear expression and a targeting sequence. Here, we show that by taking an in vitro evolution approach, we can evolve an exclusively mitochondrially targeted prokaryotic fumarase (FumC), which is attached to a mitochondrial targeting sequence (MTS), into a dual-targeted protein (which is enzymatically active and fully processed). Our results suggest a course of evolution that allowed eukaryotic cells to evolve fumarase dual targeting by reverse translocation, which is based on the evolutionary conserved features of this protein's folding.
Results

Targeting of FumC (E. coli Fumarase) to Mitochondria
Fumarase is localized to both mitochondria and the cytosol in all eukaryotes. The E. coli fumarase FumC, obviously lacking an MTS, is homologous to the eukaryotic protein and can partially complement the absence of the endogenous enzyme in yeast ( fig. 1C , right and middle panels, compare first and last rows). Fumarase in yeast is a paradigm for a dual-distribution mechanism involving reverse translocation. Together, this makes FumC in yeast an ideal model for studying the evolutionary processes leading to reverse translocation-dependent dual targeting in eukaryotic cells.
Our main objective was to examine what it takes for the prokaryotic protein to acquire the ability to distribute between the cytosol and mitochondria via the reverse translocation-driven mechanism. Therefore, two prerequisites were applied for any FumC derivative before being examined for dual targeting: 1) full import indicated by full processing by MPP in vivo and 2) enzymatic activity as verified by complementation of a yeast chromosomal deletion strain and/or an in vitro enzymatic assay. We first fused E. coli FumC to the yeast fumarase MTS ( fig. 1A , bottom schematic representation). Unfortunately, the yMTS-FumC was only partially imported: according to [ fig. S1 , Supplementary Material online, lanes 2 and 4).
We have previously shown 1) that the MTS can affect the translocation rate (Regev-Rudzki et al. 2008) and 2) that if the Fum1 precursor folds, before its import, its MTS is not accessible to the import machinery (Karniely, Regev-Rudzki, et al. 2006) . We, therefore, assume that when fused to the Fum1-MTS, the FumC folding rate is higher than the rate of its binding to the import machinery and/or translocation. Consequently, yMTS-FumC folds into an import incompetent conformation, before engaging the translocation apparatus, and remains in the cytosol. To improve FumC import, the prokaryotic protein was fused to the known strong MTS of Neurospora crassa subunit 9 of F 0 -ATPase (aa1-69, termed Su9-MTS, fig. 1A , second from the top). When a similar labeling experiment as above was performed in the presence of CCCP, the Su9-FumC derivative appeared only as a higher molecular weight band corresponding to the precursor of this protein (fig. 1B, lane 2) . This is similar to what is found for Su9-Fum1 and Fum1 (Karniely, Regev-Rudzki, et al. 2006 , and lanes 4 and 6, respectively). In the absence of CCCP, only the mature Su9-fumC can be detected, and this protein is similar in size to the processed wild-type yeast fumarase proteins ( fig. 1B compare lanes 1, 3, and 5 ), indicating that all Su9-fumC molecules are targeted and fully imported into mitochondria.
The Su9-fumC derivative was tested for its mitochondrial activity. As shown in figure 1C , compared with the wild-type yeast fumarase (Fum1) and Su9-Fum1, Su9-fumC can partially complement the fum1 chromosomal knockout (KO) for growth on the galactose or glycerol medium ( fig. 1C middle and right panels, compare rows 1-3, respectively, to row 4), whereas the control Áfum1 strain harboring an empty vector does not grow on either galactose or glycerol mediums. Fumarase KO cells expressing the different derivatives were also extracted for soluble proteins and tested for in vitro fumarase enzymatic activity as described previously (Kanarek and Hill 1964; Stein et al. 1994) . We found that cells expressing Su9-FumC or FumC still exhibited significant fumarase enzymatic activity ( fig. 1D ), which is 40-60% lower than that of wild-type yeast fumarase.
Next, we subjected the yeast strain expressing Su9-fumC to subcellular fractionation and detected that the Su9-FumC derivative (in contrast to wild-type yeast Fum1 or Su9-Fum1) is fully localized to mitochondria ( fig. 1E , compare upper panel with the second and third panels). To support this result, we employed the alpha-complementation assay, which is a more sensitive method for detection of dual 
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) and spotted on glucose, galactose, or glycerol plates. (D) To test for enzymatic activity, Áfum1 yeast strains expressing the indicated plasmids were induced in galactose medium for 20 h. Cell extracts were assayed for fumarase specific activity (see Materials and Methods). (E) Subcellular fractionation of Áfum1 yeast strains expressing fumarase derivatives. Equivalent portions of the total (Tot) cytosolic (Cyt) and mitochondrial (Mit) fractions were analyzed by western blot using antibodies against the indicated proteins. Representative controls of mitochondrial (Hsp60) and cytosolic (hexokinase1, HxK) proteins are shown. (F) a-complementation was performed for Áfum1 yeast strains expressing fumarase derivatives fused to the a-tag in combination with either a cytosolic o fragment (oc) or a mitochondrial o fragment (om). The cells were plated on galactose medium plates containing X-Gal. Kgd2-a, mitochondrial marker; ÁMTS-Aco-a, cytosolic marker. localization (Karniely, Rayzner, et al. 2006) . Briefly, the protein of interest is fused to an alpha fragment of b-galactosidase and is expressed in yeast in combination with either the cytosolic or mitochondrial b-galactosidase omega fragments. Colonies will turn blue only when both subunits, alpha and omega, are present in the same subcellular compartment and thus create an active b-galactosidase enzyme. Su9-fumC was fused at its C-terminus to the alpha tag and was expressed together with the cytosolic (poc) or mitochondrial (pom) omega fragments as described previously (Karniely, Rayzner, et al. 2006; Ben-Menachem, Tal, et al. 2011 ). Su9-fumC-a with the mitochondrial omega gives rise to blue colonies, whereas when it is expressed with the cytosolic omega, the colonies are white ( fig. 1F, top panel) . This indicates that the Su9-FumC-a is fully localized to mitochondria. In contrast, wildtype yeast Fum1-a or Su9-Fum1-a, which are dual targeted, give rise to blue colonies when expressed with either cytosolic or mitochondrial omega ( fig. 1F , panels 2 and 3, respectively).
These results suggested that although the prokaryotic protein derivative Su9-FumC is active and is fully targeted to mitochondria, it lacks the information for its distribution within its sequence. The Su9-FumC let us test the hypothesis that mutations within the FumC gene can allow development of the reverse translocation-based dual targeting without loss of its enzymatic activity.
Random Mutagenesis of the Su9-FumC Sequence Can Cause Its Eclipsed Distribution in Yeast
As an overview of our approach, figure 2 presents a summary of our in vitro evolution procedure. The mutant library was created by a number of experimental steps; first, we performed a polymerase chain reaction (PCR) using FumC as the template under conditions expected to randomly increase errors: Presence of 0.3 mM MnCl 2 (Cadwell and Joyce 1992; Peisajovich et al. 2006 ), a nonproofreading polymerase (Rasila et al. 2009 ) and unequal dNTP concentrations (CA/TG 1:5) (Peisajovich et al. 2006 ). This reaction was carried out for 16 cycles and resulted in randomly mutated FumC products ( fig. 2, Step 1). Following this PCR reaction, the products were incubated with DpnI enzyme to remove the template DNA, and these PCR products were PCR amplified using primers that include sequences that are homologous to the Su9-MTS at the N-terminus and to the a-fragment in the C-terminus ( fig. 2, Step 2). These final PCR products were then transformed into the yeast strain Áfum + poc together with a linear vector encoding for the Su9-MTS and the alpha fragment ( fig. 2, Step 3 ). This resulted in homologs recombination and expression of the random mutant library fused in frame to the Su9-MTS and the alpha fragment. The different mutants of this library were then screened for their cellular localization using the alpha-complementation assay ( fig. 2, Step 4).
We picked more than 8,000 colonies from the initial transformation and grew them on the indicative X-Gal-medium plates ( fig. 2, Step 4). The suspected dual-targeted blue colonies were then tested for fumarase enzymatic activity ( fig. 2, Step 5). For this, yeast cells that are chromosomally Áfum but harbor a plasmid of the mutant Su9-FumC library were placed on selective galactose medium plates, looking for mutants that can nevertheless complement the absence of the yeast enzyme. Because we were interested only in mutants that acquired dual targeting via a reverse translocation mechanism, it was important to show that these active and dual-targeted mutants are fully processed in vivo by 35 S-methionine labeling experiments as described in the previous sections ( fig. 2, Step 6) .
At the end of this process, eight such mutant colonies exhibiting a Blue-Blue phenotype (thus are presumably dual targeted) are enzymatically active, and fully processed Su9-FumC-containing colonies were obtained. Upon further inspection of yeast lysates of the above strains, we chose for further study the three most active mutants ( fig. 3A-C) . To exclude the possibility that the alpha fragment has a major affect on these proteins' activity, these three mutants were also cloned without the alpha fragment into a yeast expression vector and were shown to retain the ability to support growth on galactose (supplementary fig. S2B , Supplementary Material online) and to exhibit an eclipsed distribution pattern (supplementary fig. S2A , Supplementary Material online).
To examine the distribution pattern in a more quantitative but less sensitive manner, we subjected the mutant strains to subcellular fractionation followed by western blot analysis. It turns out that all three Su9-FumC mutants (termed EpCycle1 mutants, table 1) exhibit a pattern of eclipsed dual localization (Regev-Rudzki and Pines 2007) ( fig. 3D ). This means that the majority of the molecules are localized to mitochondria and only a minority are localized to the cytosol. Therefore, this cytosolic population is too small to be detected using standard subcellular fractionation and western blotting, but it can still be detected by the more sensitive alpha-complementation assay. It is important to point out that at this stage, this is an important control.
Analysis of Su9-FumC Single Amino Acid Substitution Mutants
Sequencing of the three mutant genes revealed that each variant had acquired 3-4 mutations (table 1). Mutant EpCycle1-1 acquired three missense mutations and one silent mutation, EpCycle1-2 acquired one missense mutation and three silent mutations, and EpCycle1-3 acquired one missense mutation and two silent mutations. The mutations do not appear to be clustered: They are located all along the protein sequence (table 1, section A) and within the different structural domains of the protein.
Because each of our new proteins contained more than one mutation, we were interested in testing whether all these are required for distribution. Because some of the mutations were silent, we focused only on those that have an effect on the amino acid sequence. Surprisingly, we found that five different single amino acid mutants (table 1, 
A Second Round of Random Mutagenesis Leads to Significant Fumarase Dual Distribution
All our newly acquired dual-targeted mutants exhibited an eclipsed distribution pattern in comparison to the yeast fumarase, which is distributed more or less evenly between the mitochondria and cytosol. We assumed that these mutations could be referred to as an "intermediate evolutionary step" toward additional mutations that would lead to a more pronounced dual localization. We selected the mutant S137G as a template for a second round of mutations and performed again error-prone PCR as described earlier. We picked more than 4,000 colonies from the initial transformation and grew them on the indicative X-Gal-medium plates. In this second screen, we discovered two new mutants that exhibited a strong blue phenotype suggesting dual targeting (a-complementation), were enzymatically functional (growth on galactose), and were fully processed ( fig. 4A-C) . We subjected these two new derivatives to subcellular fractionation to quantify the distribution pattern and found that while one of them, EpCycle2-1, is still eclipsed distributed, the second, EpCycle2-2, is dual localized such that a significant amount of the protein is detected in the cytosol ( fig. 4D , third set of panels from the left). As presented in table 1 (section C) the sequence changes that we found in the two variants were as follows: EpCycle2-1 acquired two missense mutations (H32Q, G461R) and one silent mutation (in addition to the pre-existing, S137G), whereas EpCycle2-2 acquired one missense mutation (E241G) and one silent mutation (in addition to the pre-existing, S137G). It is important to point out that the E241G mutation on its own did not cause significant dual localization of Su9-FumC (detected by subcellular fractionation, supplementary fig. S4 , Supplementary Material online). This result indicates that a combination of the S137G and E241G mutations is required for the strong dual targeting phenotype.
The monomer fumarase structure is an alpha helical protein that consists of a separate globular N-terminal domain connected to a long stalk formed by a helical bundle (Weaver et al. 1998, fig. 5A ). Interestingly, the critical mutations S137G and E241G are both located at the interface between these two domains ( fig. 5A and B) : S137 forms hydrogen bonds to the beginning of the protein (N59) and thereby stabilizes the N-terminal domain, and interacts with the aromatic ring of Y242, thereby connecting the N-terminal domain to the Yep 51 α S u 9
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Step 7-ExtracƟon and sequence of plasmids C-terminal helical bundle. Mutation of this serine residue to glycine is expected to destabilize this connection. The adjacent E241 position is involved in electrostatic interactions with two positive charges in residues R244 and R245 and stabilizes the local alpha helix. The mutation to glycine is expected to destabilize and shorten the helix. Interestingly, in yeast, the corresponding position E241 is occupied by a conserved glycine, which may suggest that this flexibility and shortened helix may have a role in dual targeting. We anticipate that these mutations will increase the flexibility of the region that connects the two compact domains of the protein. How these changes affect folding of the fumarase during import remains unknown.
Slowing Down Import into Mitochondria Increases the Presence of Eclipsed Su9-FumC in the Cytosol
It was previously shown that in yeast the translocation rate can tilt the balance between the cytosolic and mitochondrial populations of retrograde-driven dual localized proteins (Yogev et al. 2007; Regev-Rudzki et al. 2008) . The interpretation is that slowing down translocation into mitochondria provides a bigger window of opportunity for MPP-cleaved yeast fumarase to start folding in the cytosol, thereby blocking its full translocation. As we have shown, one way to slow down translocation is by growing/incubating the yeast cells at low temperatures (Yogev et al. 2007; Regev-Rudzki et al. 2009 ). We were interested to see whether the same holds true for the Su9-FumC mutants. The different strains were grown at 23 C as described previously ), and we found that, as for the yeast Fum1, slowing down translocation leads to elevated amounts of the mutant proteins in the cytosol ( fig. 6A ). As a control we grew yeast cells expressing the original nonmutated Su9-FumC and surprisingly found that when import is slowed down, this protein also acquires a cytosolic presence (although displaying a smaller fraction than for the mutants) ( fig. 6A, lanes 1-3) . To further establish this result, we grew the nonmutated Su9-FumC strain at a gradient of temperatures and found that the lower the temperature (the slower the import), the larger amount of the processed protein in the cytosol ( fig. 6B ). This indicates that although this "evolutionary intermediate" is not dual localized under normal conditions, it does have the potential for doing so when translocation is slowed down.
According to the yeast fumarase model, the driving force for reverse translocation is folding of the protein during import. One prediction is that impairing the folding of Su9- Gly   FIG. 4 . Second round error-prone PCR and isolation of the mutant EpCycle2-2. (A) Alpha complementation assay was carried out as described in figure 1F . oc, cytosolic omega; om, mitochondrial omega; Kgd2-a, mitochondrial marker; ÁMTS Aco-a, cytosolic marker. (B) Áfum1 yeast strains expressing EpPCR cycle 2 fumarase mutants (pEpCycle2-1 and 2) were serially diluted (10 FumC should abolish its dual localization even at low temperatures. As we have previously shown with yeast fumarase, an arbitrary deletion within the Su9-FumC sequence (in this case of 33 amino acids) abolishes its ability to be dual targeted at 20 C ( fig. 6C , compare the two upper panels).
Discussion
How did dual targeting evolve in eukaryotic cells? We assume that following nuclear expression of an endosymbiont gene and acquisition of a targeting signal, the simplest mechanism of dual targeting would be partial targeting or incomplete translocation. In fact, when we expressed the prokaryotic FumC attached to the yeast fumarase-MTS in yeast, that is exactly what we got; some of the protein was fully imported into mitochondria, whereas the rest was retained as a precursor in the cytosol. The problem then is that the untranslocated protein is not processed by MPP, thus the cytosol accumulates a protein with a peptide extension, which could affect its activity or stability. With respect to yeast fumarase, indeed, the precursor has less than a tenth of the mature protein's enzymatic activity (Stein et al. 1994) . Other mechanisms of dual targeting such as those involving two translation products would require more sophisticated expression at the level of transcription or translation, whereas those with a single translation product would require either multiple or more complex signals (two targeting signals, ambiguous signals, etc.). Here, we show that two randomly acquired mutations within the prokaryotic FumC that is attached to a strong MTS (Su9-FumC) are sufficient to cause substantial dual targeting (at a normal growth temperature, 30 C) by reverse translocation. Reverse translocation is indicated by the findings that 1) the mutant Su9-FumC in the cytosol is processed, meaning that it was cleaved by matrix MPP before its final localization in the cytosol and 2) slowing down translocation or impairing folding of the protein affect dual targeting as predicted by the reverse translocation model. Out of context, this would have been surprising; however, we now understand that both eukaryotic and prokaryotic fumarases are conserved not only in sequence and structure but most probably also in the way they fold during translocation. Accordingly, Su9-FumC bearing no mutation can, nevertheless, be clearly dual targeted by reverse translocation when given the opportunity (slowed import at temperatures below 23 C). This is in agreement with the fact that folding is the driving force for fumarase dual targeting and that lower temperatures slow down translocation (Stein et al. 1994; Knox et al. 1998; Sass et al. 2003; Karniely, Regev-Rudzki, et al. 2006; Yogev et al. 2007; Regev-Rudzki et al. 2008) . So, if the protein whose N-terminus has been translocated across mitochondrial membranes and cleaved by MPP, starts to fold in the cytosol, then it would be blocked for further import and would undergo reverse translocation. On the basis of these data, we can formulate a possible chain of evolutionary events that brought about dual targeting of fumarase in yeast: A prokaryotic fumarase such as FumC acquired an MTS and was targeted to mitochondria, whereas additional mutations affected its folding during import, ensuring reversed translocation at 30 C. Thus, dual targeting in the case of fumarase was based on fortuitously pre-existing folding traits of the protein, which by simple mutations were harnessed to create a balance between folding and import thereby evolving dual localization.
How is fumarase dual localization achieved in different organisms? This may give us a glimpse at possible evolutionary processes that can lead to different dual targeting mechanisms. In rat liver cells, fumarase is encoded by a single gene, but in this case, its dual localization has been proposed to be due to two translation products (in contrast to yeast). Genetic analysis and S1-nuclease-protection tests have shown that rat fumarase has only one, full length, mRNA (Suzuki et al. 1989 ). Accordingly, it was proposed that in contrast to yeast, in mammalian cells, fumarase distribution FIG. 5 . Overview of fumarase monomer structure: (A) The highlighted mutations S137G and E241G that result in dual targeting are located at the interface between the N-terminal domain and the central helical bundle domain and could play a role in the organization of the monomer structure. E241 is located at the beginning of a helix (in green), which will be shortened by mutation of this position to glycine. This helix follows a long flexible loop that contacts an additional monomer in the tetramer structure (not shown). N-terminal (left) and C-terminal (right) domains are colored in magenta, and the helical bundle in the center is colored in rainbow from blue to red. Mutated residues are shown as spheres, colored by cpk (oxygens in red), and residue side chains interacting with E241 are shown in black sticks. (B) Zoom in on the mutated residues S137 and E241. The role of S137 in coordinating residues distant in sequence is highlighted by a hydrogen bond to N59 in the N-terminal domain and by interactions with Y242 in the C-terminal helical bundle. The helix stabilizing role of E241 is obtained by polar interactions with R244 and R245. Mutation of these positions to a flexible glycine that lacks a side chain will destabilize this compact overall organization and increase the size of the loop (in black). The figure was produced with pdb id 1kq7 using pymol (http://www.pymol. org).
results from the existence of two translation products, yet this is far from being proven. Unlike most eukaryotes, the plant Arabidopsis thaliana has been reported to harbor two different genes encoding fumarase enzymes. The first gene that was described, FUM1, encodes the mitochondrial enzyme, which is an essential gene, and its deletion or knock down is lethal (Heazlewood and Millar 2005; Pracharoenwattana et al. 2010 ). The second gene was only recently characterized in Arabidopsis, FUM2, which may encode a cytosolic echoform, which is required for plant growth in the presence of high nitrogen (Pracharoenwattana et al. 2010 ). Thus, it is possible that in the evolutionary process, first incomplete import and then reverse translocation occurred, and only when special regulatory and functional requirements of the specific organism arose, did more complicated mechanisms coincide such as the duplication of the Arabidopsis fumarase gene.
Materials and Methods
Strains and Plasmids
Saccharomyces cerevisiae strains used were the wild type (WT) yeast strain BY4741 (Mat a; his3Á1; leu2Á0; met15Á0; and ura3Á0) and Áfum1 as described previously (Sass et al. 2003) .
Plasmids poc, pom, pKgd2-a, pHxK1-a, pSu9MTS, pFum1-a, pÁMTS-Aco-a, pYep51, and pFT2 (encoding WT yeast fumarase, pFum1) have been described previously (Regev-Rudzki et al. 2005 , Stein et al. 1994 Karniely, Rayzner, et al. 2006) . pFumC: FumC was amplified from E. coli DNA by PCR using primers 1 and 2 (supplementary table S1, Supplementary Material online). The resulting product was cleaved using SalI and ApaI and cloned into the yeast expression vector pYep51. The oligonucleotides used in this study are listed in supplementary table S1, Supplementary Material online. pyMTS-FumC was created by a two-step PCR procedure: In the first step, PCR product was generated using pFumC as template using primers 3 and 4 and in the second step, the PCR product from the first step was amplified using primers 3 and 5. The resulting product was cleaved using SalI and ApaI and cloned into pYep51. pSu9-FumC was created from two PCR products generated using pSu9MTS (primers 6 and 7) and pFumC (primers 8 and 9) as templates, respectively. In the second step, the PCR products were amplified using primers 6 and 9. The resulting product was cleaved using SalI and ApaI and cloned into the yeast expression vector pYep51. To create pSu9-FumC-a, the template Su9-FumC was amplified in PCR reaction using primers 10 and 11. The resulting product was cleaved using SalI and SmaI and cloned into pFum1-a. To create pSu9-Fum1-a, pSu9Fum1 (Karniely, Rayzner, et al. 2006 ) was cleaved using SalI and BamHI and was cloned into pFum1-a. To create pGEM-FumC, a PCR product generated with the primers 12 and 13 and the template pSu9-FumC was ligated into pGEM-T (Promega).
Specific mutations were created using the QuickChangeII kit (Stratagene) or PCR reactions using the indicated oligonucleotides (supplementary table S1, Supplementary Material online): for pD19E-a, primers 14 and 15; for pS137G-a, primers 16 and 17; for pS218C-a, primers 18 and 19; for pA247S-a, primers 20 and 21; and for pH429Q-a, primers 22 and 23.
Growth Conditions
Strains harboring the indicated plasmids were grown overnight at 30 C (unless indicated otherwise) in YPD (1% yeast extract, 2% peptone, and 2% glucose) or in synthetic depleted medium containing yeast nitrogen base (0.67% wt/vol). Galactose (2%), glycerol (2%), or glucose (2%) were the C and were subjected to subcellular fractionation as described in figure 1E . (B) The Áfum1 yeast strain expressing su9-FumC-a was grown overnight at the indicated temperatures. Subcellular fractionation was carried out as described in figure 1E . (C) Áfum1 yeast expressing Su9-FumC-a (top second panel) and Su9-FumC-Á33-a (33 amino acids deletion, upper panel) were grown overnight at 20 C, and subcellular fractionation was carried out as described in figure 1E .
alternative carbon sources, and the medium was supplemented with the appropriate amino acids (50 mg/ml). For growth on plates, the medium contained agar (1.8% wt/ vol) and 25 mM sodium phosphate buffer at pH 6.8. When indicated, Xgal was added to a final concentration of 0.08%.
Antisera
Polyclonal yeast fumarase, human fumarase, and alpha antiserum were generated in rabbits injected with the purified proteins. Monoclonal anti-Hsp60 and polyclonal antiHexokinase were purchased from MBL and Rockland respectively.
a-Complementation and Other Assays
Yeast cells were transformed with plasmids encoding various a fusion proteins in combination with poc, or pom were streaked on 80-mg/ml Xgal-containing plates, which were then incubated at 30 C. Kgd2-a, mitochondrial marker; ÁMTS-Aco-a, cytosolic marker.
Subcellular fractionation (Regev-Rudzki et al. 2007 ), metabolic labeling (Ben-Menachem, Regev-Rudzki, et al. 2011) , and enzyme activities (Sass et al. 2003 ) were performed as described previously.
FumC Mutant Library Generated by Error-Prone PCR
To create the mutant-FumC library, we used primers 26 and 27 with pGEM-FumC as template for 16 cycles employing the nonproofreading enzyme (BIOTAQ DNA polymerase, Bioline), addition of 0.3 mM MnCl 2 , and unbalanced dNTPs concentrations (CA/TG 1:5). In the second step, the PCR product from the first reaction was amplified by PCR reaction with primers 28 and 29 that add approximately 45 bp sequences, which are complementary to Su9-MTS and the LacZ a fragment, respectively. The products from the second reaction were transformed into the yeast strain Áfum + poc together with a linear vector encoding the Su9 MTS and the alpha fragment. This resulted in homologs recombination and expression of the random mutagenesis FumC library fused to the Su9 MTS and the alpha fragment.
Supplementary Material
Supplementary figures S1-S4 and table S1 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
